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MIMO (Multiple Input Multiple Output) offers extra degrees of freedom in the 
physical layer over the single antenna systems. Especially, the interference 
cancellation ability of MIMO enables receivers to decode and cancel the co-channel 
interference from other links. However, the current IEEE 802.11 legacy MAC allows 
only one link to transmit at a time, which underutilizes the interference cancellation 
capability of MIMO and thereby results in suboptimal use of bandwidth spectrum. 
In this thesis, we exploit the interference cancellation ability of MIMO and study the 
co-channel transmission of MIMO ad hoc networks. We first illustrate the critical 
role spatial correlation between the signal and interference plays in cancelling the co-
channel interference, which is usually neglected in previous works. We conclude that 
by taking into account the spatial correlation in the MAC design, better system 
performance in throughput and fairness can be expected. Against the backdrop, we 
propose and investigate a specific MAC protocol for the co-channel transmission in a 
MIMO ad hoc network which 1) allows links to contend for the channel sequentially 
and transmit data packets simultaneously, yielding more than 35% throughput 
improvement compared to the system wherein only one link transmits at a time; 2) 
doubles the fairness index of legacy 802.11 and efficiently eliminates link throughput 
starvation; 3) closely follows the 802.11 DCF (Distributed Coordination Function), 
allowing simpler implementation as compared with previously proposed MAC 
protocols. We believe the framework provided in this thesis opens up many fruitful 
areas for future research. For example, further performance improvement is expected 
when a more powerful detector, such as MMSE (Minimum Mean Square Error) or 
SIC (Successive Interference Cancellation), is deployed. Moreover, in real networks 
where some links are far apart, it is possible to allow more than N spatial streams to 
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be activated at the same time, where N is the MIMO size, leading to further 
throughput enhancement. 
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Chapter 1 
Introduction 
1.1 Motivations and Contributions 
In the traditional single-antenna ad hoc networks, interference leads to packet 
collisions and drags down the system throughput. Therefore, CSMA/CA (Carrier 
Sense Multiple Access with Collision Avoidance) is used to guarantee only one link 
transmits at a time within one contention region. With the carrier sensing ability, 
stations sense the on-going transmission and keep silent while the link is transmitting. 
The IEEE 802.1 In standard introduces MIMO (Multiple-Input Multiple-Output) into 
the wireless LANs (WLANs), which allows k {k is the number of antennas at each 
station) independent spatial streams to transmit on a link and provides an almost k-
fold throughput improvement. However, the essential media access control of 
802.1 In remains the same as the CSMA/CA in legacy 802.11 series. We refer to this 
simple extension of CSMA/CA as CSMA/CA(k). 
Allowing only one link to transmit at a time, CSMA/CA(k) has not fully exploited 
the interference cancellation ability of MIMO. The interference cancellation allows a 
receiver to decode and cancel the interference coming from other links, which makes 
co-channel transmission within the same contention region possible. This flexibility 
9 /54 
arouses much interest to study whether co-channel transmission provides better 
performance over CSMA/CA(k), and if the answer is positive, what is the 
corresponding media access control protocol. Ref. [1] and [4] are the earliest among 
the work. Both of them reported that by carefully configuring the system, co-channel 
transmission can provide better throughput performance compared to CSMA/CA(k). 
On the media access control protocol, Ref. [1] allows whoever has packets to 
transmit simultaneously and control the power of each link to reduce the interference 
caused to the others. Ref. [4] divides the stations into two groups and schedules the 
transmission within each group respectively. 
To optimize the interference cancellation capacity of MIMO, two important 
attributes of interference should be taken into account, i.e., its power level and the 
spatial correlation with the intended signal [2], [3], However, Ref. [1] and [4] 
characterized the interference only by its power level. Without the consideration of 
spatial correlations, the spatial dimension of freedom was not fully exploited in [1] 
and [4]. Iterative adaptations of high computational and implementional complexity 
were needed in [1]. In addition, experiments showed that the protocol in [1] may not 
provide good interference management when the interference is highly correlated 
with the signal [5]. Ref [4] aimed at classifying the nodes into two groups. However, 
within each group, the detailed coordination of transmission was lacking. 
In this thesis, we exploit the interference cancellation ability of MIMO and study the 
performance of co-channel transmission of MIMO ad hoc networks. We first show 
that the spatial correlation between interference and desired signal is critical in 
exploiting the interference cancellation ability in ad hoc networks. We then propose a 
MAC protocol to take into account both the spatial correlation and the strength of 
interference in managing the co-channel MIMO link transmissions. To the best of 
our knowledge, this is the first attempt to consider the spatial correlation between 
signal and interference in a protocol design for MIMO ad hoc networks. Simulations 
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show that it brings more than 35% throughput improvement and doubles the Jain's 
fairness index over CSMA/CA(k) for random topologies. In addition, the protocol 
closely follows IEEE 802.11 DCF and is more practical because no iterative 
calculations as in Ref. [1] are needed and less information exchange than in Ref. [4] 
has to take place before simultaneous data transmissions. 
1.2 Organization of the Thesis 
The rest of the thesis is organized as follows. In Chapter 2, we review the basis of 
MIMO system and CSMA/CA mechanism in legacy 802.11 series. In Chapter 3, a 
methodology is derived to model the spatial correlation between the interference and 
the intended signal in ad hoc networks. Post-detector SINR, which affects the system 
BER and throughput directly, can be derived as a closed-form function of the spatial 
correlations for specific detection schemes and MIMO sizes. Analytical result is 
provided to show the critical role spatial correlation plays in managing the co-
channel interference. With this conclusion, we propose a practical MAC protocol — 
MWST and investigate its throughput performance in fully-connected networks in 
Chapter 4 and Chapter 5 respectively. Chapter 6 extends the protocol into partially-
connected networks. Chapter 7 evaluates MWST's performance in partially-




2.1 Multiple-Input-Multiple-Output (MIMO) System 
Multiple-Input-Multiple-Output (MIMO) system has been drawing enormous 
attention in the wireless world in recent years. MIMO links provide extremely high 
spectral efficiencies in multipath channels by simultaneously transmitting multiple 
independent data streams in the same channel. In the following, we will introduce the 
basic structure of MIMO system and its interference cancellation ability in Multiple 
User Detection (MUD). Although MUD is discussed in cellular networks, where 
Base Station (BS) serves the mobile nodes, it is the basis of our analysis in the 
MIMO ad hoc networks. 
2.1.1 Basic MIMO Structure 
In MIMO systems, both the transmitters and receivers are equipped with multiple 
antennas (Figure 2.1). At the transmitter side, the input data is first demultiplexed 
into several substreams. Each substream is transmitted over all transmit antennas in 
the same frequency band with different transmit antenna weights. At the receiver, 
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Figure 2.1 MIMO system 
Let us consider the transmission of a single point-to-point link in an Mr X M^ 
MIMO system, where M^ and Mr are the number of antennas in the transmitter and 
receiver side respectively. By Singular Value Decomposition (SVD), the channel 
matrix can be written as 
rmikiU) 
H = USV" = £ u � V � � 丑 (2.1) 
where 
U =卜⑴，U⑵，•••,！！…尺)j， V 二卜⑴，V⑵，… 
are the left and right singular vectors respectively; and s�，^⑵，…，广'"((〃）are singular 
values arranged in a descending order [6]. By configuring the transmit antenna 
weights using the right singular vector v“）and receive antenna weights using the left 
singular vector u � , u p to rank{B.) parallel spatial streams can be constructed on a 
link. By selecting a subset of v � and u � as transmit and receive antenna weights, the 
corresponding spatial streams are activated with channel gain(y'))2 [6]. The symbols 
in each spatial stream are spread over the space by v(') at the transmitter and 
despread by u“) at the receiver; so v(') or u(') can be treated as a spatial signature of 
the stream. 
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2.1.2Multiple User Detection (MUD) in MIMO Networks 
The use of MIMO system enables the spatial multiplexing in the infrastructure 
networks. Combining the SVD and the Multiple User Detection (MUD) allows intra-
cell bandwidth reuse by multiplexing spatial separable users. We assume that in each 
link, data are transmitted on the largest singular mode by configuring the antenna 
weights using the largest singular vector. And we define x^  to be the data transmitted 
by user k and P�— to be the corresponding transmitting power. Let H^ denote the 
channel matrix between user k and the Base Station (BS), and uf'', s!” and be 
the corresponding singular vectors and singular value relevant to the largest singular 
mode respectively. Then in an Mr X M^ MIMO system, assuming there are K users 






=USVPX + n 
where 
U 二 [U(ii),i4i),…,uf 
X —[工1,工2，...,�] 
s = ...,41)) 
VP 二 c?iap(V^,V^,."，V^) 
The output of the receive weight combining then becomes 
yMF 二 U^r = U^USVPx + \5"n 
二 况sVFx + (2.2) 
14/54 
where 况 = U � U is the correlation matrix with the (k, k ’)"' entry being the 
correlation between the two users' largest singular vectors, i.e., p � � 三 u(/)丑！！^)). 
Such a simple receiver is often referred as the Match Filter (MF) receiver, y縱 
includes the intended signal, interference from co-channel users as well as addictive 
noise. Hence following the Match Filter, there is usually another detection scheme to 
suppress the interference. We will introduce three kinds of detection scheme as 
follow. 
The ZF (Zero Forcing) receiver is one of the most popular linear detectors. It 
applies the inverse of the correlation matrix to to decouple the data and 
interference. The detector output is 
fF =况-ly 似P 
where n ‘ is the noise vector which equals to (U"U)—iU"n. 
The ZF detector completely cancels the co-channel interference at the cost of 
enhancing the noise term, whose covariance matrix becomes 
rj = 
The MMSE (Minimum Mean Square Error) receiver is another linear detection 
scheme. The MMSE detector takes into account both the co-channel interference and 
noise. And it aims to minimize the mean square error 
MSE = E[\\x-xf 
where || || denotes the Frobenius norm. The mapping is given by 
yMMS五二（况 + 一 
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The ML (Maximum Likelihood) is the optimal detector. By finding the most 
probable transmitted data symbol for all users, the detector separates the signals from 
simultaneous users in an optimal way in the sense of the posteriori probability. It is 
derived that the ML metric for a combination of transmitted symbols 
X = [0：1，：2：2,.’Xa小s given by 
K 2 
又=1 
The optimal solution can be obtained as 
X 二 argmin[功(X)] 
X 
2.2 IEEE 802.11 
IEEE 802.11 standard successfully adapts Ethernet-style networking to radio links. 
Like Ethernet, 802.11 uses a carrier sense multiple access (CSMA) scheme to control 
access to the transmission medium. However, due to the impossibility to detect 
collisions in the air, 802.11 uses Carrier Sense Multiple Access / Collision 
Avoidance (CSMA/CA), rather than the Collision Detection (CSMA/CD) employed 
by Ethernet. This widely adopted CSMA/CA of 802.11 serves as the reference MAC 
protocol in our discussion on the new MAC for MIMO networks. In the following, 
we first introduce the basis of CSMA/CA in 802.11 and then discuss the possible 
issues in throughput and fairness raised by CSMA/CA. 
2.2.] CSMA/CA in 802.11 
CSMA/CA is implemented in 802.11 through two modes, the basic access mode and 
the RTS/CTS access mode. 
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Basic Access Mode 
In basic access mode, the wireless device listens to the channel and sees whether it is 
idle before transmitting a DATA packet. After correctly receiving the DATA, the 
receiver acknowledges the transmitter with an ACK packet. Random backoff is used 
to avoid collisions of packets simultaneously transmitted by multiple stations. 
D^IFS J 
^ > DATA DATA 
Source _^ 
i i i ： 
•SIFSI 
ACK ： 
Destination 丨 ！ 
DIFS I I I I I I 
Otlier I NAV i 
V y V ^^ J 
Y Y 
Wait for 
Defer access reattempt time 
Figure 2.2 Basic access mode 
RTS/CTS Access Mode 
Request-to-Send (RTS) and Clear-to-Send (CTS) are two optional signals used to 
prevent collisions in 802.11. Turning on this feature may improve performance when 
some wireless stations are not in direct sensing range of each other. Whenever a 
station is about to send data, it first sends out an RTS frame to the target station. If 
the target station receives an RTS, it responds a CTS. Upon hearing either the RTS or 
CTS, all stations except the station that sent out the RTS will refrain from 
transmitting for a certain period of time as specified by an NAV (Network Allocation 
Vector) field in the RTS/CTS frame. In this way, the station that originated the RTS 
could then send out its data frame without worrying about collisions from other 
stations. Using RTS/CTS not just reserves the radio link for transmission, but it also 
silences any stations that hear it. Note that collisions among RTS/CTS packets are 
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still possible. However, the main essence of RTS/CTS is that collisions of RTS/CTS 
packets are less costly compared with collisions of regular DATA packets, since 
RTS/CTS packets are much shorter than regular packets. 
> DIFS J 
^ ^ RTS DATA 
Source __^ <__^ ^__^ 
'SIFSi ISIFS SIFSI 
CTS ACK 
Desrmatioii | 
‘ DIFS r m 
NAV(RTS) 
Other NAV (CTS) 
NAV (Data) 、 ^ 
Defer access 
Figure 2.3 RTS/CTS mode 
2.2.2 CSMA/CA(k) in 802.1 In 
802.1 In's goal is to achieve 100 Mbps net throughput, after subtracting all the 
overhead for protocol management features like preambles, inter-frame spacing and 
acknowledgements. MIMO becomes the most important feature in the physical layer 
to boost the net throughput. 
Before 802.1 In, IEEE 802.11 series work in single antenna systems. Some interfaces 
had two antennas in a diversity configuration, but the basis of diversity is that only 
the "best" antenna is selected. It means there is only one set of components to 
process the signal, which is referred to as RF chain. The receiver has a single input 
chain and the transmitter has a single output chain. 
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To be a real MIMO system, 802.1 In attaches an RF chain to each antenna in the 
system. Each RF chain and its corresponding antenna are responsible for transmitting 
a spatial stream. A single packet can be broken up and multiplexed across multiple 
spatial streams, which are reassembled at the receiver. It is an important revolution in 
the physical layer, but the media access control in 802.1 In does not differ much from 
the original CSMA/CA. Hence, we refer to this simple extension in MAC layer as 
CSMA/CA(k). 
2.2.3 Co-channel Transmission in MIMO WLAN 
Thanks to MIMO, each link can transmit multiple independent data streams, which 
are with channel gains ？^⑴之.These channel gains are not equal and they can have 
quite large disparities. Actually most signal power is collected in the few spatial 
streams with the largest channel gains. Simulations show that, on average, 88% and 
72% power are collected in the stream with the largest channel gain for links with 2 
X 2 and 3X3 MIMO, respectively [8]. This fact encourages the systems to distribute 
their transmit power on each link over the few strongest channel modes. The degrees 
of freedom left on each link can be used to cancel interference, which enables the co-
channel transmission of multiple links within a contention region. The configuration 




in MIMO Ad Hoc Networks 
In this chapter, we analyze how spatial correlation between the intended signal and 
interference affects the performance of MIMO ad hoc networks. We first introduce 
the concept of channel spatial correlation between data streams in ad hoc networks. 
Using Zero Forcing detector as an example, the SINR is derived as a function of the 
spatial correlation between the signal and interference. In the end, we illustrate the 
throughput advantages brought by the co-channel transmissions with a spatial 
correlation control over the CSMA/CA(k). 
3.1 Introduction of Channel Correlation 
In section 2.1, we have introduced how MIMO systems transmit and receive packets 
in a single link. In this section, we consider the transmissions in an ad hoc network. 
In this scenario, the network could either allow one link to access the channel at a 
time, or multiple co-channel links to transmit simultaneously. This thesis focuses on 
the latter because of its better performance [1]. 
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We first assume that the MIMO size is relatively small (e.g., the 2 X 2 antenna array 
suggested in 802.1 In as a mandatory mode). We also assume a Rayleigh fading 
channel with Gaussian white noise and a quasi-static environment, where the channel 
characteristics remain constant during the transmission of a packet, but change 
independently from packet to packet. The receivers want to isolate and decode all 
spatial streams they receive, including both the intended signal and interference. 
Since it takes one degree of freedom to decode one spatial stream [7] and the number 
of antennas at the nodes corresponds to the total available degrees of freedom they 
have, for an N x N MIMO system, at most N spatial streams can be sustained. We 
further assume that every co-channel link uses only one spatial stream and the spatial 
stream chosen is the one with the largest channel gain. There are two reasons for it. 
First, in transmissions of co-channel links, each link has to reserve some degrees of 
freedom to decode and cancel the interference from other links; secondly, for links 
with small size MIMO, most of signal power is collected in the spatial stream with 
the largest channel gain ( s � 广 Simulations show that, on average, 88% and 72% 
power are collected in that stream for links with 2 x 2 and 3 x 3 MIMO, respectively 
[8]. 
Suppose there avQ M (M < N) co-channel links transmitting together in the system, 
which are indexed from 1 to M. Let H,^  denote the channel from transmitter of the 
link to receiver of the f link, and and � ) b e the left singular 
vector, right singular vector and singular value of the m仇 spatial streams 
corresponding to H^. With the interference from other co-channel links, the signal at 
the elements of the antenna array of receiver on the k仇 link is given by the following 
vector: 
M 
= 工A： + + n (3.1) 
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where x^  is the transmitted signal on the f link; and尸乂 is the power received by 
receiver of the k"' link from transmitter of the f link. The first term of the above 
expression is the intended signal; the second term is the aggregate interference from 
other co-channel links; and n is the receiver Gaussian noise. 
Let us define ！！’沐^’计=where 5 is a real number and u,并 is a complex 
vector with norm 1. u，计 and s � � : are treated as the effective singular vector and 
singular value corresponding to the interference spatial stream from transmitter of 
the f '' link to receiver of the A:"' link. Then (3.1) becomes 
M 
S (3.2) 
=USVPX + n 
where 
S = diag{s , 5 '2^.,..., ,..., 5 ), 
VP = ..., , 
X 二 [^15 V • 5 ^M ] 
The output of match-filter receive weight combining is 
y f � U 仔 r 广 U 丑 U S V F x + U � 
(3.3) 
=况 SVfX + U"n 
where 况 二 U^U is the spatial stream correlation matrix. The (z, j)仇 entry of 况， 
denoted by p.., is the correlation between two singular vectors u，让 and u，诉 when i 
and 7 are not equal to k\ and is the correlation between 诉)and u ' ^ ( u � ) ) 
when i (/) is equal to k. Since the singular vectors are the spatial signatures of the 
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corresponding streams, p劝 is also treated as the correlation of two spatial streams. 
Note that the norm of is between 0 and 1, as u(丄)and u、诉 have unit norms. 
Based on the above, there are a few types of detections for MIMO systems. We first 
show that, with Zero-Forcing (ZF) detection, interference that highly correlates with 
the signal greatly degrades the system throughput in an ad hoc network. And then we 
will prove that similar conclusions hold for other linear MIMO detections at the end 
of the section. 
The ZF detector applies the inverse of the correlation matrix to the output of match-
filter combining to decouple the data. The output of ZF detector is 
y f 道 l y f -
= V ^ ^ l ’ S，2k ，... ’ （3.4) 
工 …,s，Mk 巧工 MY +ri� 
where n, is the noise vector equal to . The covariance matrix of the 
noise is r] = , where a^ is the covariance of Gaussian white noise. All the 
signal and interference streams are isolated and decoded successfully at the cost of 
increased noise variance, which is a function of correlations between the intended 
signal and interference streams. 
Take an ad hoc network with 2 x 2 MIMO links as an example. Two co-channel 
links work simultaneously, with each link using its spatial stream with the largest 
channel gain. At the receiver of the first link, the spatial correlation matrix is 
1 况二 U丑U = •<) u丨21 二 * (3.5) 
ufijL \P 1 
23/54 
where p = u(/i)�u '2, is the spatial correlation between the intended signal from 
transmitter of the first link and the interference from transmitter of the second link. 
The covariance matrix of the noise becomes 
” = 一 " I * 2 (3.6) 
dp a 
- r r ^ T ^ 
From the above expression, we find that the noise added to the intended stream is 
increased by a factor lj{l — . Suppose the signal-to-noise ratio of the intended 
signal at the receiver is (JS� fSNR^� , where � f i s the channel gain. Then the 
SINR of the signal at the detector output becomes (1 — � fSiVi^, . If the 
interference stream is orthogonal to the intended signal stream ( = 0 ), the 
interference is cancelled perfectly without amplifying the noise or reducing the SINR. 
However, the SINR is reduced to less than a half when \p\ is larger than 0.7. If the 
interference is almost parallel with the intended signal —> 1), the post-detection 
SINR of the signal stream goes to zero and the signal can not be decoded. 
For other MIMO detection schemes, interference that is highly correlated with the 
signal also degrades the system throughput. By introducing the effective spatial 
signature and singular value of the interference stream in (3.2), the interference 
cancellation problem in ad hoc networks is reduced to the one in cellular systems 
where the base station (BS) decodes multiple data streams using MUD (Multiuser 
Detection) techniques [9]. Ref. [2] showed that, in MUD systems, highly correlated 
data and interference streams increase the BER greatly at the BS regardless of the 
detection schemes in use. Especially for the linear detections like Zero-Forcing and 
MMSE, the BER degrades by almost one order of magnitude when the correlation 
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exceeds 0.9. Therefore we can conclude that the same fact holds for each receiver in 
an ad hoc MIMO network with different linear detections. 
3.2 Channel Correlation Threshold 
From the analysis in section 3.1, we conclude that in an ad hoc MIMO network with 
linear detections, the spatial correlation between signal and interference has a great 
effect on the system throughput. The system can expect a throughput increase by 
eliminating the interference that is highly correlated with the signal. The conclusion 
makes it necessary to manage the spatial correlation. A straightforward way of the 
management is to set a threshold for the correlation. For each link that is going to 
join the co-channel transmission, the spatial correlation between its own data stream 
and all the interference streams have to be smaller than the threshold. With the 
threshold, MAC protocol (we will propose one possible MAC protocol in the next 
chapter) selects a set of co-channel transmitting links, whose interference to each 
other is limited to a preset level. 
To illustrate effects the spatial correlation management on the system, we compare 
throughputs of CSMA/CA(k) and co-channel transmission with correlation threshold. 
In co-channel transmission, two links within one contention region transmit 
simultaneously using the substream with the largest channel gain. In CSMA/CA(k), 
one link transmits with two substreams. Not to assume any specific MAC protocols, 
we let the handshake overhead go to zero. We assume no rate adaptation and coding 
in the data packets. Hence the data packets are transmitted in a fix rate and packets 
are received successfully only when all the bits are estimated correctly. 
In systems of co-channel transmission, the throughput, expressed in packet/s, is 
T — - = 2 i W l - BER{Thpr-D-
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where Rdata the data rate. Th,> is the spatial correlation threshold and 
Length 一 Data is the data packet length. Given a specific modulation, BER depends 
on SINR, which is a function of the threshold JTi". Taking QPSK modulation and 
Zero-Forcing detector in a 2 X 2 MIMO system as an example, 
BER = Q{^2SINR) and the post-detector SINR is - ，where S',, is 
the channel gain and SNR^�is the Signal-to-Noise ratio at the antennas. Being the dot 
product of two random 2-dimentional vectors, p follows a distribution as P{p) 二 2p. 
In the end, the average BER is 
BER{Th) 二 r ' l ^ M M H ' W ) ) 浦 ( / � � " ) " + 
In CSMA/CA(k), the throughput expression is: 
TcsMAicm 二 丑乂"[1 - � M , 膽 � ) / 2 ) ] 一 一 
+ - Q�树汽SNRJ2�\L_-D-
Two terms in the expression are throughputs brought by two channel modes of the 
link with channel gain S^ ]^ ^ and S^f^，respectively. 
The ratio of throughputs in two systems, i.e. T � —-爾 J T碰丨叫、,is shown in 
Figure 3.1. The ratio changes as the threshold varies. Threshold 1 indicates no 
threshold is set; on the other hand, as the threshold approaches toward 0, the 
selection of co-channel transmitting links becomes stricter. Highly correlated 
interference drags down the throughput of co-channel transmission compared to 
CSMA/CA(k) when the threshold is set too loose (larger than 0.75). In this scenario, 
allowing co-channel transmission does not show its advantages over CSMA/CA(k). 
However, the highly correlated interference is eliminated efficiently when the 
threshold is set larger than 0.7. 
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From the results above, we can conclude that allowing co-channel links to transmit 
simultaneously with the spatial correlation management outperforms CSMA/CA(k) 
in terms of total system throughput. 
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Figure 3.1 Throughput ratio vs. the spatial correlation threshold 
2 7 / 5 4 
Chapter 4 
MAC with SINR Threshold 
As analyzed in the previous chapter, besides the signal power, the correlations 
between the intended signal and interference significantly affect the system 
throughput in an ad hoc network with MIMO links. Analytical results show that 
setting a threshold for the spatial correlation efficiently eliminates the highly 
correlated interference and increases the total system throughput. In this chapter, we 
propose one possible media access control protocol to take into account both the 
signal strength and spatial correlation, which fully exploits the interference 
cancellation capability of MIMO systems. 
As derived in the previous chapter, the post-detector SINR is a function of both the 
interference power and its spatial correlation with the desired signal. Therefore, to 
manage the signal power and spatial correlation at the same time, we further propose 
a threshold for the post-detector SINR. For multiple links to transmit simultaneously, 
the post-detector SINR at each receiver should be beyond the SINR threshold. It is 
similar to the carrier-sensing threshold for the received power in conventional single 
antenna ad hoc networks. We therefore extend the conventional carrier sensing 
concept to interference management in MIMO ad hoc networks. As will be shown 
later in this chapter, the SINR can be estimated at each receiver without the need of a 
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central coordinator in our protocol. In the rest of the chapter, we assume that the 
network is fully connected and that nodes are synchronized with each other. 
Figure 4.1 illustrates the basic structure of the MAC with SINR Threshold (MWST) 
protocol for a system with 2x2 MIMO. There are two phases of the protocol: the 
contention phase and the data transmission phase. Stations use RTS/CTS to reserve 
the channel during the contention phase. After the contention phase, a set of co-
channel transmissions have been determined. The winning transmitter nodes then 
transmit their DATA simultaneously. After that, the corresponding receiver nodes 
send back ACK packets successively following the order in which they acquired the 
channels during the contention phase. 
Z DIFS \ 
Z \ ^ _ _ • 
( ; ) [ r ^ I 一 trnie 
(尺2) I NTS I time 
7； I RTS I DATAl I 一 time 
I CTS I I ACK time 
T\ .. I RTS I DATA2 time 
R， I CTS I ACK time 
卜 小 4 
C^nUon C — n C ^ o n Data Slot ACK Slot 
Transmission Frame ^ 
Figure 4.1 Time line example for the MWST protocol 
The contention phase consists of multiple contention slots. In each contention slot, 
after a DIFS time, whoever counts down to zero and finds the channel idle sends an 
RTS to reserve the channel. After the reception of RTS, the target receiver evaluates 
to see if it can become one of the co-channel links. The evaluation is based on the 
post-detection SINR of the target receiver itself as well as the resulting post-
detection SINR at the other receivers that have already been selected in previous 
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contention slots in this contention phase - we will justify that the target receiver has 
enough knowledge for these estimations later in this section. Only if all the evaluated 
SINR are larger than the threshold, the receiver will respond a CTS to acquire the 
channel; otherwise, an NTS (Not-To-Send) is sent to release the channel. After the 
CTS or NTS, another round of contention within the same contention phase begins. 
By receiving and decoding the RTS, CTS or NTS, every node in the system has full 
knowledge of the contention phase, including the number of contention slots that 
have taken place, as well as how many and which links having acquired the channels. 
The contention phase for an N x N MIMO system ends and the data transmission 
begins when the nodes in the system notice either of the following conditions by 
listening to the packets in the air. 
1) N links have acquired the channels. 
2) At a contention slot, no RTS is detected after a DIPS time for a timeout period, 
which indicates either there are no more links wanting to contend for the channel 
or the remaining nodes are all under long backoff processes. 
3) The number of contention slots has exceeded a pre-determined upper bound. 
With a tighter SINR threshold, the possibility of having a link acquire the 
channel in a contention slot becomes smaller. The maximum number of 
contention slots is set to prevent infinite contention due to too tight a SINR 
threshold. 
We now justify that after the reception of RTS, the target receiver has enough 
channel information for the estimations of all the post-detection SINR. First, the 
blind detection technique enables a node to estimate the channel between the 
transmitter and itself after reception of a packet, no matter the packet is intended for 
it or not [8]. And a node can include the channel information that is already known 
into its handshake packets, like RTS/CTS. Exchange of this kind of packets helps the 
exchange of channel information among mobile nodes. 
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Suppose that (h-l) links have acquired the channel sequentially in previous 
contention slots. The transmitter and receiver of the i ''' winning link are denoted by 
T, andR^. In the next contention slot for the /i"' link, in order for the target receiver 
R“ to estimate the post-detection SINR of for m 二 l , 2,..，/ i -1，H,, and H 而 
for z = are needed, as indicated by (3.1). To calculate SINR at all h 
receivers, H^ (i, j == 1,2, • • •, /i), the global channel information in the system, are 
needed at R,,. 
Proposition 1: In the contention slot for the k*'''' link, the target receiver R^ will have 
the global channel information after its reception of RTS from the transmitter , if 
the system follows the following rules. 
(1)7； sends out the RTS with H,^ ( j = A;) included. 
(2) If R^ decides to acquire the channel, a CTS is sent back with H认.(i = 1,2, 
included. No information is needed to include in NTS, if R^ . decides to release the 
channel. 
Proof of Proposition 1: On the first contention slot, R^  estimates H^j based on the 
Table 4.1: Information exchange for an ad hoc network with 2 x 2 MIMO 
^ A R, 
P a c k e t I n f o P a c k e t I n f o P a c k e t I n f o Packet Info 
RTS H^ H^ 
Hn CTS(Hii) Hii H； 
Hi 2 ？ H ” 5 
Hn Hu RTS(H,,) H21 
H 2 1 , H I I 
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preamble of RTS from . Since there is no interference in the system, R^  will 
acquire the channel. By including Hj^ in the "data field" of CTS, the channel 
information is broadcasted to the system, so that all nodes know after they 
receive the CTS . By induction, let us assume {k-\) links have acquired the channel 
in the previous contention slots and that the global channel information H^ 
( \ j = 1,2’."’A: — 1 ) is known to each and every node in the system. In the 
contention for the k^ link, in addition to H" ( i,j = l,2,",k- also has the 
information H^ ^ ( j 二 1,2,. • • ’ A: — 1) based on the estimations using the preambles 
of the previous CTS from R^. Suppose that broadcasts H , � i n the data field of its 
RTS. So, upon the reception of this RTS, each and every node has the information 
H,^  for z = 1,2,...，A;; j = 1，2，…,A: — 1 . And R^ . has the information of H认.for 
i 二 1,2,…，A: from estimations based on the preambles of the RTS from T- . So, 
has the global information H,^  now. Then, if R^ decides to acquire the channel, CTS 
is sent back with H认—=1,2, • • •, A:) included in the data field. So at the end of this 
contention slot, j = 1,2,…,A:) is known to all nodes in the system. 
Table 4.1 shows an example of information exchange for an ad hoc network with 
2 x 2 MIMO. In the first column for each node are the packets it sends and 
information included in the packets. In the second column is the channel information 
each node has by receiving and decoding all the packets in the air. From the table, we 
can find that upon receiving RTS from T^  , R^ has the global channel 
information H 勿(i，j = 1,2). 
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Chapter 5 
Performance Evaluation of MWST 
in Fully-Connected Networks 
The performance of the proposed MWST protocol is investigated in this chapter. We 
assume that each mobile node is equipped with two antennas and the system operates 
in saturated flow condition, i.e., nodes always have packets available for 
transmission. We also assume that all nodes can hear each other and the channel is 
perfect in that there is no packet loss. The analysis of performance under fully-
connected network will serve as a reference when we discuss the performance under 
partially-connected networks later in the next chapter. The performance comparison 
under two different network assumptions helps us understand how the protocol and 
the network topology affect the system performance respectively. 
Figure 5.1 shows the throughput improvement brought by the proposed MAC 
protocol with respect to CSMA/CA(k) as the number of maximum contention slots 
varies. The percentage improvement is calculated as 
T - TcsMA,cm 
TcSMAICA(k� 
where T is the average throughput of the proposed protocol; and T^ sMA/cA(k) is the 
average throughput given by CSMA/CA(k). Given a particular number of maximum 
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contention slots, throughput under different SINR thresholds are calculated in the 
simulation and the optimal one is plotted in the figure. We find that for different 
maximum numbers of contention slots, the optimal system throughput is attained 
when the SINR threshold is set around 11 to 12 dB. The node topology is totally 
random. RTS/CTS are transmitted at 6Mb/s; and on each spatial stream, data packets 
are transmitted at 12Mb/s. QPSK is used in modulation. Zero-Forcing detection is 
adopted at the receivers. We also assume all the data packets use the largest payload 
size; and the throughput only counts the payload in the data packets. To have a 
relatively fair comparison, we eliminate the penalty brought by suboptimal backoff 
parameters by assuming there will be always nodes counting down to zero after a 
DIFS time in the idle channel. It means we only count the overhead brought by the 
handshake packets (RTS/CTS) but not the idle slots brought by the countdown 
process. We find that the proposed protocol brings about an appreciable increase in 
throughput (about 37% improvement when no more than 10 contention slots are 
allowed) compared to CSMA/CA(k). 
The overhead due to the multi-round contention is negligible, although we have 
taken its effect into account in Figure 5.1. Figure 5.2 shows the number of contention 
slots taking place on average before the data transmission when different SINR 
thresholds are set. We notice that even with a threshold as high as 30dB, no more 
than 10 slots of contention are needed on average. That is why allowing more than 
10 contention slots does not bring additional throughput improvement, as shown in 
Figure 5.1. When the threshold is set to 11 or 12 dB, which is close to the optimal, 
less than 4 contention slots are needed. Consequently, we can draw the conclusion 
that our MAC protocol eliminates interference that is highly correlated with the 
desired signal at the cost of very little overhead; and therefore improves the system 
throughput. 
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For systems with larger size MIMO, the proposed MAC protocol yields throughput 
improvement compared to CSMA/CA(k) as well. Figure 5.3 shows the aggregate 
system throughput given by the proposed protocol in a system with 3 x 3 MIMO. 
Except for the number of antennas equipped at each node, other parameters are the 
same as in the previous simulation. With the optimal SINR threshold of 12dB, the 
optimal throughputs are 25Mb/s and 24Mb/s when at most 5 and 25 contention slots 
are allowed respectively; while the throughput for CSMA/CA(k) is 18.7Mb/s only. 
More than 33% throughput improvement is obtained. A larger value of maximum 
contention slots gives a smaller optimal throughput because the additional contention 
overhead is significant when the probability of finding a third link without 
decreasing the SINR of the previous two winning links below the threshold is small. 
Given the same threshold, a smaller number of maximum contention slots reduces 
the chance of having 3 co-channel links transmit together and hence the amount of 
data transmitted; but meanwhile, it also reduces the overhead. For a system with 
MIMO size larger than 2 x 2, the latter effect outweighs the former effect. 
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Chapter 6 
MAC with SINR Threshold (MWST) 
in Partially-Connected Networks 
In Chapter 5，we proposed a media access control protocol in the fully-connected 
networks and showed its better throughput performance compared to CSMA/CA(k). 
In the following Chapter 6 and Chapter 7, we will extend our protocol into the 
partially-connected networks and evaluate its performance. 
6.1 Hidden Link Problem in Partially-Connected Networks 
In single-antenna systems, the essential role of media access control is to prevent 
links from interfering each other. It is easy in fully-connected networks because all 
nodes see the same channel and have perfect global knowledge. However, in 
partially-connected networks, due to partial knowledge of the global channel, the 
"hidden nodes" might cause interference to the transmitting links. 
In MIMO systems, receivers are equipped with the interference cancellation ability. 
However, due to the limited degrees of freedom, only certain amount of interference 
can be decoded and cancelled. Therefore, the media access control in MIMO systems 
is to limit the number of interference to each node. In fully-connected networks, each 
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and every node has the global information. By listening to the handshake packets in 
the air, every node knows the exact number of signals that will be transmitted in the 
data transmission slot. Therefore a node will keep silent if its transmission brings 
extra interference to the system. However, in partially-connected networks some 
links may lack the completed information of the on-going transmissions. Once they 
transmit, their packets might become extra interference to the system. We refer to 
these scenarios as "hidden link" problem in MIMO systems. 
We enumerate the "hidden link" scenarios in a simple three-link topology, which is 
shown in Figure 6.1. Node A, B and C transmit to node a, b and c respectively, and 
only nodes connected by dashed lines can hear each other. 2 X 2 MIMO is assumed, 
hence each receiver can decode one interference stream as well as its intended signal. 
a b c 
Q v O Q 
、\小/1 /、、、 
a — — o 
A B C 
Figure 6.1 Three-link topology 
Scenario I: Link Aa and link Bb successfully contended for the channel in the first 
and second contention slot respectively. Because Link Cc cannot hear link Aa, it 
might continue to contend for the channel once counting down to zero. If the 
contention succeeds, packets of link Cc in data transmission slot result in extra 
interference to node b. 
Scenario II: Link Bb and link Aa successfully contended for the channel in the first 
and second contention slot respectively. Similar to scenario I，because of link Cc,s 
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unawareness of link Aa, it might continue to contend for the channel and interfere 
with node b. 
Scenario III: Link Bb successfully seized the channel in the first contention slot. 
Then, node A and C count down to zero at the same time and send out RTS 
simultaneously. Due to their unawareness of each other, node a and node c will reply 
CTS to seize the channels if the SINR threshold is met, which leads to packet 
collision at node b in the following data transmission slot. 
6.2 MWST in Partially-Connected Networks 
Hidden links cause extra interference to the system because of their unawareness of 
links that have seized or are contending for the channel. The straightforward solution 
to the problem is to broadcast extra packets to update the channel knowledge of the 
"hidden links". Our synchronous slotted protocol makes the updates much easier. We 
propose three modifications to the MWST as follows against each of the scenarios, 
which make the protocol work properly in partially-connected networks. The 
modified MWST protocol is shown in Figure 6.2. 
Z D I F S \ 
{T^ ) I RTS _ _ _ _ time 
{Rj) :: r ^ time 
T I RTS ； I DATAl I � time 
R I CTS I [liZ].； ^ time 
T ‘ I RTS ；'•[ DATA2 | ^ time 
R I C T S I ACKI time 
h 小 小 小 — 
C : - CO二ion OataS.ot ACK S,ot 
\<— Transmission Frame— ->| 
Figure 6.2 MWST in partially-connected networks 
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For scenario I: When seizing the channel by sending back CTS packet, the receiver 
includes the number of interference it has already heard in its CTS packet. Nodes 
within the transmission range of the receiver will get to know links that have seized 
the channel previously but are hidden from them. In the example three-link topology, 
node b will inform the vicinity through its CTS packet of the successful contention of 
link Aa in the previous slot. Then node C will freeze till the next transmission frame. 
For scenario II: When a new link successfully contends for the channel, receiver of 
the previous successfully contended link (if any) will send an "Inf packet to inform 
its vicinity of the new successful contention. In the example three-link topology, 
after node a sends CTS and seizes the channel, node b sends out an "Inf packet to 
inform node C that there will be two links transmitting in the data slot later. Then 
node C will freeze. 
For scenario III: If a link hears two simultaneous RTS followed by two CTS after 
its successful contention, the link knows the handshake packets are from two links 
that cannot hear each other. Then the link already seizing the channel gives up the 
channel, broadcasts an "Inf packet to inform the vicinity and then backoff. In the 
example three-link topology, after node A and C's simultaneous contention, node b 




in Partially-Connected Networks 
In this chapter, we evaluate the performance of MWST in partially-connected 
networks. Because of the suboptimal backoff parameters, the heavy overhead 
counteracts the advantages in throughput performance brought by eliminating the 
highly correlated interference. Therefore, MWST does not provide better system 
throughput compared to CSMA/CA(k) in partially-connected networks. To boost the 
system throughput, either optimization of the backoff parameters or more 
sophisticated handshake design is necessary, which is our potential future work. 
As to fairness, MWST protocol outperforms CSMA/CA(k) dramatically in partially-
connected networks. Hence our discussion in this chapter will focus on fairness. In 
the following, we first introduce the fairness issues in partially-connected networks 
under CSMA/CA(k). Then we evaluate the fairness performance of MWST and 
illustrate how MWST resolves the throughput imbalance using a three-link topology. 
7.1 Fairness Issues in CSMA/CA(k) 
CSMA/CA(k) is a simple extension of CSMA/CA. It allows only one link to seize 
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the channel within one contention region and transmit the data packet with k 
independent substreams (k is the rank of link channel matrix). Because the essential 
media access control of CSMA/CA(k) remains the same as CSMA/CA, it inherits the 
fairness problems of CSMA/CA. 
CSMA/CA provides fair contention among stations. But it does not lead to fair 
transmission opportunities in the network. Actually, the throughputs of different 
links sometimes can span orders of magnitude from near starvation to many times 
greater than the average value. Two well-known problems causing the starvation are 
Information Asymmetry (lA) and Flow-in-the-Middle (FIM) [10]. 
2 
1 b • 
A a 
Figure 7.1 Information Asymmetry (lA) problem 
The lA problem is depicted in the topology shown in Figure 7.1. Node A and B 
form links with node a and b respectively. Node a and B are within the carrier 
sensing range of each other while Node A and B are not. In this scenario, flow 1 
achieves significantly less throughput than flow 2, regardless of whether RTS/CTS 
handshake is in use [11]. When transmitters are not in range of each other, the lack of 
information affects two links in very different ways because of the asymmetry of the 
topology. In particular, node A lacks the necessary information to compete fairly 
with node B, while node B does not suffer from the incomplete channel state 
information. This disparity is due to the fact that sender A does not sense any packets 
belonging to node B, and consequently, completely ignores the activity of the other 
flow. On the other hand, sender B can hear the control packets sent by node a (CTS 
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and/or ACK), and hence can detect the activity of the other flow. Sender B knows 
exactly when to start contending for the channel, while sender A has to discover an 
available time-slot randomly without any coordination with sender B. Consequently, 
sender A is forced to timeout and to repeatedly double its contention window. As a 
result, the probability of node A capturing the channel is significantly smaller than 
that of node B. 
a b c 
Q v Q - © 
Q- a O 
A B C 
Figure 7.2 Three-link topology 
Link 如 • 
Link Bb H h-T" 
LinkCc 
^ ^ ^ ^ Packet transmission 
I I Busy channel sensed by Link Bb 
Figure 7.3 LIM problem 
The LIM problem can be illustrated in the three-link topology, where node A, B and 
C form links with node a，b and c respectively. Only nodes connected with dashed 
lines can sense each other (shown in Figure 7.2). Links in the topology can be 
divided into two groups: the outer links (link Aa and Cc) and the middle link (link 
Bb). The outer links cannot sense each other while the middle link can hear all the 
outer links. Under CSMA/CA, the middle link receives very little throughput while 
the outer links receive throughputs close to maximum. The cause of the observed 
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behavior is the lack of transmission opportunities of the middle link. The middle link 
has to contend with all the outer links for the channel but the outer links has only one 
competitor. Therefore, the middle link suffers from much bigger collision probability 
than the outer links. It makes the starvation of middle link even worse that the 
transmissions of the outer links are not coordinated, which overlap randomly at the 
middle link (shown in Figure 7.3). Hence the middle link always senses the channel 
busy. It has chance to count down only when all the outer links are not transmitting. 
We simulate the link throughput in the three-link topology and the results are shown 
in Table 7.1. On average, the middle link only gets 3.6% of the total throughput 
while two outer links have almost 50% each. We can imagine that when the number 
of out links grows larger, the middle link almost gets no throughput. 
7.2 Fairness Performance ofMWST 
The fairness performance of MWST in partially-connected networks is investigated 
in this section. 
Figure 7.3 shows the fairness comparison of CSMA/CA(k) and MWST. 100 links are 
randomly placed in a 400*400 meters plate. Jain's fairness index is adopted, which is 
(厂 TKf 
么 = 1 伐 
where TJ\ is the average throughput of the i仇 link and n is the number of links in 
the system. The horizontal axis is the normalized throughput and the vertical axis 
represents the Jain's fairness index. Each point in the figure is the fairness index 
under one specific topology. We can observe from the simulation results that the 
fairness index under MWST almost doubles the one under CSMA/CA(k). And the 
throughput variance is much smaller in MWST, which means MWST is more robust 
and stable under different link topologies. 
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Figure 7.3 Jain's fairness index of CSMA/CA(k) and MWST 
To analyze why MWST brings better fairness, we first introduce the relation between 
throughput and different states sensed by nodes. The channel seen by a station falls 
into four different states: (i) idle channel; (ii) channel occupied by a successful 
transmission of the station itself; (iii) channel occupied by a collision of the station; 
and (iv) busy channel due to activity of the other stations, detected by means of 
either physical or virtual carrier sensing. The time intervals during which the station 
remains in each of the four states above are denoted hya .T^.T^ and T^ respectively. 
And we let , H^ , 11 ^^ and 11^  be the occurrence probabilities of the four states 
described above. Then the throughput of each node, expressed in packet/s, is given 
by Tp =专 , w h e r e A is the average duration of a channel state (in seconds). Thus 
the throughput is [12], 
T _ _ 仏— _ 
P 吼 + Tall^ + 饥 + TsUs 
46/54 
Given the throughput expression, we find that the throughput unfairness comes from 
the imbalance of idle time (a l l^ ) , collision time (T^Hc) and busy time (T^H^) 
sensed by different nodes. 
MWST improves the system fairness by reducing the imbalance of busy time ( f ^ I I ^ ) 
and collision time (T^II^) sensed by different nodes. 
Firstly, the slotted contention process helps to reduce the busy time imbalance. To 
explain how a slotted MAC protocol affects the busy time sensed, let us first simplify 
MWST into a slotted CSMA/CA(k). Similar to the original CSMA/CA(k), slotted 
CSMA/CA(k) has one RTS/CTS exchange before data transmission. The RTS/CTS, 
data transmission and ACK form one transmission frame. The length of transmission 
frame is fixed. And transmission frames start and end at well defined slot boundaries 
common to all stations, which is shown in Figure 7.4. 
^ ^ ^ ^ ^ Countdown interval 
Node 力 t ^ I d a t a ] I 
Node a 间 卜C K I 藝 ^ 
NodeB I D A T A __^ 
NodeZ, I ack I _ _ ^ 
N o d e C I DATA I ^ 
Node c I CTS I 卜C K I 
Transmission Frame Transmission Frame •] 
Figure 7.4 Slotted CSMA/CA(k) 
In three-link topology under CSMA/CA(k), the middle link suffers from much longer 
busy time due to the random overlap of transmissions of two outer links. When it is 
still frozen by one outer link, the other outer link begins to transmit and lengthens its 
NAV. However, in the slotted CSMAyCA(k), any overlaps of outer link transmission 
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frames end at the same time. The NAV of the middle link is fixed once the link is 
frozen. As a new transmission frame starts, the outer links and middle link begin to 
count down together and have equal probability to contend for the channel. Hence 
the busy time difference between the outer links and middle link is greatly reduced. 
Table 7.1 shows the average link throughput in the three-link topology under slotted 
CSMA/CA(k). The middle link achieves almost 20% of the total system throughput 
compared to only 3.6% in the ordinary CSMA/CA(k). 
link throughput / Total system throughput 
MAC 
^ ^ 
CSMA/CA(k) 47.3% 49.1% 
Slotted CSMA/CA(k) 40.3% 19.9% 39.8% 
MWST 36.7% 24.8% 38.5% 
Table 7.1 Per link throughput under different MAC in three-link topology 
The slotted CSMA/CA(k) becomes MWST, if we allow links to contend for the 
channel sequentially in multiple contention slots. Simultaneous data transmissions 
enable MWST to improve the fairness because it reduces the collision probability 
imbalance. At each transmission frame in slotted CSMA/CA(k), the middle link has 
to contend with all the outer links for the channel, while the outer links have only one 
competitor. This leads to higher collision probability of the middle link compared to 
the outer ones. On the contrary, in MWST, if one of the outer links rather than the 
middle link seized the channel in the first contention slot, there will be fewer 
competitors to the middle link if it contends in the following slots. This reduces the 
collision probability of the middle link and improves the fairness enjoyed by it. In 
Table 7.1 we find that the middle link gets 25% of the total system throughput under 
MWST in three-link topology. 
MWST is robust enough when the number of outer links grows. We simulate the 
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four-link topology, where three outer links cannot sense each other but the middle 
link can hear them all. Under CSMA/CA(k), the middle link Aa almost gets zero 
throughput, while it achieves 13.8% of the total throughput under MWST. 
S^ink Bb 
Link Aa 
" " " " O 
^ ^ ^ i n k C c 
Figure 7.5 Four-link topology 
Per link throughput / Total system throughput 
MAC 
A^ ^ ^ M 
C S M A / C A ( k ) 0 . 2 8 % 34.0% 33.2% 32.5% 
MWST 13.8% 29.4% 28.6% 28.2% 
Table 7.2 Per link throughput under different MAC in four-link topology 
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Conclusion 
MIMO, which is capable of offering several-fold increase in spectral efficiency 
through spatial processing, has been recognized as one of the enabling techniques to 
provide broadband services in future wireless networks. Unfortunately, current IEEE 
802.11 legacy MAC is designed without taking into consideration the interference 
cancellation capability of MIMO, thereby resulting in suboptimal use of bandwidth 
spectrum. In this thesis, we proposed a novel MAC protocol for MIMO ad hoc 
networks. Making full use of the spatial degrees of freedom created by multiple 
antennas at each node, the proposed protocol allows multiple co-channel links to 
transmit at the same time to significantly increase the overall network throughput. In 
particular, the effects of co-channel signal power and spatial correlation are mapped 
into a single number that characterizes the level of interference between co-channel 
MIMO links. With this mapping, the proposed protocol can closely follow the 802.11 
DCF "carrier-sensing", enjoying much simpler implementation as compared to 
previously proposed MAC protocols. To the best of our knowledge, this is the first 
attempt to take both spatial correlation and power of interference into account in 
"carrier-sensing" in ad hoc networks. Simulation results have shown that when there 
are two antennas at each node, the proposed protocol outperforms the current IEEE 
802.1 In MAC by about 35% in terms of throughput and the fairness index is doubled. 
In this thesis, we have assumed a ZF detector at each node. Further performance 
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improvement is expected when a more powerful detector, such as MMSE (Minimum 
Mean Square Error) or SIC (Successive Interference Cancellation), is deployed. 
Moreover, in real networks where some links are far apart, it is possible to allow 
more than N spatial streams to be activated at the same time, leading to further 
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